Fish embryos represent a class of multicompartmental biological systems that have not been successfully cryopreserved, primarily because of the lack of understanding of how water and cryoprotectants permeate the compartments. We are using the zebrafish embryo as a model to understand these kinetics. Zebrafish embryos have two major compartments, the blastoderm and the yolk, which is surrounded by the multinucleated yolk syncytial layer (YSL). We determined the water and cryoprotectant permeability in these compartments using two methods. First, we measured shrink/swell dynamics in optical volumetric experiments. Zebrafish embryos shrank over time and did not re-expand while immersed in dimethyl sulfoxide (DMSO) or propylene glycol. Second, we measured DMSO uptake with diffusion-weighted nuclear magnetic resonance spectroscopy. DMSO uptake was rapid during the first few minutes, then gradual thereafter. We used one-and two-compartment models to analyze the data and to determine the permeability parameters. We found that the two-compartment model provided a better fit to the data. On the basis of this model and in the presence of DMSO, the yolk and blastoderm had very similar water permeabilities (i.e., 0.01 and 0.005 m ؋ min Ϫ1 atm Ϫ1 , respectively), but they had different DMSO permeabilities separated by three orders of magnitude (i.e., Յ 5 ؋ 10 Ϫ6 and 1.5 ؋ 10 Ϫ3 cm/ min, respectively). The low solute permeability of the yolk predicted that the yolk/YSL compartment should be more susceptible to cryodamage. To test this, the yolk, blastoderm, and YSL were examined at the ultrastructural level after vitrification. Only the YSL incurred significant damage after freezing and thawing ( p Յ 0.05).
INTRODUCTION
Yolk-laden embryos of fish, reptiles, birds, and amphibians represent a class of multicompartmental biological systems that have not been successfully cryopreserved. Over the past 50 years, the fish embryo has presented a challenge to cryobiologists because of its interesting and complex physiology. Successful cryopreservation of fish embryos must address several important issues, including 1) the intrinsic biophysical properties of the cells (e.g., membrane permeabilities and osmotic tolerance limits) and 2) determination of the procedural cryopreservation steps, based on the cell's biophysical properties, necessary to minimize cryodamage and maximize survival [1] . In this paper, we examine the kinetics of cryoprotectant permeability of the yolk and blastoderm compartments, and the effects of cryodamage on the fish embryo.
We are using the zebrafish embryo as a model to understand the cryobiological properties of a multicompartmental system. The zebrafish model is becoming one of the most important vertebrate models for the study of development and genetics. Transgenic and mutagenic studies of zebrafish are expected to play an important role in human health and disease. The human genome is being mapped, but the functionality of many of the genes is not known. On the other hand, the function of many of the genes in the zebrafish genome is known because of the mutational screens going on in a number of labs throughout the world. When the zebrafish genome is fully mapped (hopefully within the next few years), it will have great value, because the organization of the fish and human genomes has been relatively conserved throughout evolution [2] . Therefore, cryopreservation of this embryo would be a great service to the field. The zebrafish embryo is composed of two cellular compartments: a large yolk and the developing blastoderm (Fig. 1) . The major component of the yolk is vitellogenin, a large phospholipid (approximately 400 kDa; [3] ), stored in membrane-bound vesicles within the yolk. The major developmental stages important for this work are 100% epiboly to the 3-somite stage. We did not consider earlier developmental stages, because they are sensitive to chilling [4, 5] and are mechanically fragile, thus making them less attractive for cryopreservation. At the onset of development, the blastoderm divides and forms a cap of cells on the large yolk. At the 128-cell stage, epiboly begins as the blastoderm envelopes the yolk and ceases once the yolk is completely surrounded by blastoderm at 100% epiboly [6] . Underlying the blastoderm and covering the yolk is the yolk syncytial layer (YSL). This is a multinucleated layer (approximately 10 m thick) of nonyolky cytoplasm that begins to develop at approximately the 1000-cell stage in the zebrafish embryo [7] . As the YSL develops, it replaces the thin (approximately 2 m thick), nonnucleated yolk cytoplasmic layer [8] . The YSL begins to envelop the yolk ahead of the blastoderm, and it surrounds the embryo by approximately 50-75% epiboly [9] . The segmentation period follows. The stages within this period are identified by the number of muscle somites visible in the tail region from the 1-to the 26-somite stage.
The efficacy of cryoprotectant permeation is crucial to formulating successful cryopreservation procedures. Each compartment may have different permeability to water and cryoprotectants. To prevent cryodamage, the compartment with the lowest permeability to water and cryoprotectant must be considered when formulating cryopreservation procedures. Much of the work to date on cryoprotectant permeability of the teleost embryo has not addressed the embryo's multicompartmental nature. Harvey et al. [10] examined the permeability of zebrafish embryos at 50% epib-
FIG. 1. A)
Image of a zebrafish embryo identifying the major compartments (i.e., yolk and blastoderm). Although the YSL normally would not be visible, its position is indicated on the embryo for clarity. The position of the chorion is indicated even though this layer was removed in all of our preparations. B and C) Method of sampling the zebrafish embryo for ultrastructural analysis. B) Locations from which thin sections were sampled from the whole embryo. C) Location on the thin section where areas of the blastoderm, YSL, and yolk were examined for ultrastructural integrity.
oly to isotope-labeled glycerol and dimethyl sulfoxide (DMSO). He found that DMSO permeated into dechorionated embryos and that both solutes permeated into intact embryos. Unfortunately, the amount and location (i.e., yolk versus blastoderm) of these permeating cryoprotectants were unclear. Subsequently, Harvey [11] reported that glycerol protected only the blastoderm, and neither cryoprotectant effectively preserved the entire embryo at Ϫ196ЊC. Recently, Suzuki et al. ([12] ; for carp, medaka, and rainbow trout) and Lubzens et al. ([13] ; for carp) reported an uptake of DMSO solution into the perivitelline space and some tissues, but the permeation level was insufficient for cryopreservation. Using optical measurements, Zhang and Rawson [14, 15] described cryoprotectant permeation into intact and dechorionated zebrafish embryos. Of the variety of cryoprotectants that they tried, only methanol showed clear evidence of permeation into the embryos.
We have examined the multicompartmental zebrafish embryo using a variety of techniques that can reveal the permeability response of the individual compartments [16, 17] . These experiments identified the YSL as a barrier to the movement of cryoprotectants into the yolk. Specifically, little or no DMSO or propylene glycol (PG) entered the yolk, but methanol did. Unfortunately, methanol may not be a suitable cryoprotectant for vitrification (a method needed because of the embryo's chill sensitivity), whereas DMSO and PG may. Our previous studies [16] identified the existence and location of the permeability barrier to DMSO and PG, whereas the present study quantified the water and solute permeability parameters for the yolk and blastoderm. We used two methods to estimate the permeability parameters. First we measured cryoprotectant-induced volumetric changes by light microscopic analysis and then cryoprotectant uptake with diffusion-weighted 1 H nuclear magnetic resonance (NMR) spectroscopy. Nonlocalized NMR spectroscopy was selected for this study instead of single-embryo NMR microscopy, as used previously [16] , because a larger sample size could be used. This increased the signal-to-noise; therefore, smaller amounts of cryoprotectants could be detected within the embryos.
When a single cell is exposed to a hyperosmotic solute solution (e.g., 2 M DMSO or 2 M PG), water initially leaves the cell and solute enters the cell in response to the osmotic and solute gradients. Eventually, as the intracellular solute concentration rises, water re-enters the cell, producing the typical shrink-swell volume curves seen in many optical experiments. The rate at which the cell volume changes in response to the water and solute flux reflects the permeability of the cell membrane to water and solute. These parameters are characterized by the hydraulic or water permeability (L p ) and solute permeability (P s ), respectively. In order to determine permeability parameters for the multicompartmental zebrafish embryo from the NMR and optical data, it is necessary to have a model of the embryo. Initially we considered a one-compartment model and then generalized to a more complex two-compartment model. For modeling purposes, we did not distinguish the YSL from the yolk and consider it part of the yolk compartment.
As stated earlier, all attempts to cryopreserve fish embryos have produced lethal damage. This analysis of the permeability parameters of the zebrafish embryo predicted that a major site of the lethal cryodamage would occur within the yolk compartment. Presumably, without sufficient cryoprotectant entering the yolk, damaging ice-crystals form. To test this hypothesis, we vitrified zebrafish embryos and examined the cellular ultrastructure of the cryodamage in the blastoderm and the yolk compartments.
MATERIALS AND METHODS

Maintenance of Animals
Animals were maintained according to the maintenance and culturing procedures described by Westerfield [6] . Briefly, 12-16 fish were kept in 5-L aquaria (temp ϭ 28.5ЊC; pH ϭ 7.0) illuminated according to a 12L:12D cycle, and fed dried copepods and krill (Argent Laboratories, Redmond, WA). Animals spawned in response to photoperiod, producing 50-60 embryos per female. Embryos were collected, dechorionated by enzymatic digestion, and maintained in embryo medium (a modified Hepes buffer at 0.040 Osm) as described in Westerfield [6] . All solutions were made up in this embryo medium. Because the devel- opmental temperature was 28.5ЊC, all developmental stages described here are similar to those in Westerfield [6] .
Throughout the study, only embryos at 100% epiboly to the 3-somite stage were used. At this time, there was no epidermis covering the embryo that might act as a diffusion barrier by hindering permeability to water and cryoprotectants. Moreover, embryos still were relatively round, maintained a reproducible orientation when moved from solution to solution, and were nonmotile, simplifying the optical volumetric measurements.
Volumetric Measurements: Light Microscopy
After immersion in a hypertonic solute (2 M DMSO or PG in embryo medium), changes in embryo size were measured using computer-assisted light microscopy. Embryos were examined under a Zeiss compound microscope fitted with a CCD camera (WV-BL200; Panasonic, Secaucus, NJ) at room temperature (approximately 22ЊC). Images were digitized with a video frame-grabber card (LG3; Scion Corp., Frederick, MD) and stored for later morphometric analysis. Digitized images (ϫ100) were displayed on a high-resolution video monitor and analyzed using a computer-aided morphometry package (Image 1.45; NIH, Bethesda, MD). The outline of each embryo was determined by the computer, and linear, planar, and volumetric parameters of each embryo were calculated. The major and minor axes were used to determine the volume of embryos at all stages using a prolate spheroid formula (V ϭ 4/3 ab 2 ), where a and b were the major and minor semi-axes, respectively. The data were modeled as described below.
Solute Uptake: NMR Spectroscopy NMR data were acquired on an Omega 400 NMR (General Electric, Fremont, CA) spectrometer (equipped with GE Accustar actively shielded gradients up to 130 G/cm in three directions) using a specially designed probe for perfusion experiments with 5-mm NMR tubes. Embryos (each sample consisted of 20 embryos at 100% epiboly) rested as a monolayer on a porous filter (Fritware; Bel-Art Products, Pequannock, NJ, polyethylene sheets, 70-micron pore size, 3.2 mm thickness) placed in a bottom-cut 5-mm NMR tube (Fig. 2) . Embryo medium was pumped through the NMR tube, perfusing the embryos from below at 0.3 ml/ min with a peristaltic pump (Masterflex; Cole-Palmer, Vernon Hills, IL) for 20 min and was then changed to 2.0 M DMSO for 60 min. To follow any rapid changes in the embryos, localized spectra (two scans/spectrum, 1 sec repetition time) were acquired every 44 sec at two different cross-sectional locations in the NMR tube, one slice containing the embryos and the other in the solution just above the embryos (Fig. 2) . 1 H-NMR spectra were obtained with stimulated echo pulse sequences using high and low diffusion-weighting with the spatial localization in the z direction (i.e., parallel to the NMR tube) obtained by slice selective radio frequency pulses following the methods of Frahm et al. [18] .
NMR spectra of the slice containing the embryos were obtained with high diffusion-weighting, which was sufficient to suppress all extracellular water and DMSO, allowing only intracellular water and DMSO to be detected [16] . Low diffusion-weighted spectra were obtained in the upper buffer slice to show the time course of the appearance of DMSO in the buffer. The rate at which DMSO signal appeared in the buffer slice placed a lower limit on the measurable embryo response time. Changes in intracellular DMSO were obtained from the high diffusion-weighted spectra from the lower slice (embryo slice) and were quantified by measuring the change in area under the spectral peaks of the DMSO. Since the intensity of diffusionweighted signals depends on many factors, such as relaxation processes that may interfere with quantification of intracellular DMSO, we were not able to measure the absolute intracellular quantity of DMSO. However, the signal intensity (area under the signal) is proportional to the quantity of intracellular DMSO. These intensities were arbitrarily normalized, and then three separate NMR runs were averaged to yield the data presented here. In all experiments, the embryos were counted before introduction and after removal from the magnet to insure that changes observed were due to physiological changes and not due to the embryo number diminishing during the experiment. Initially, NMR experiments were performed using PG. Unfortunately, a signal of an endogenous (unidentified) compound within the embryos appeared at approximately the same position as PG. This caused large errors in quantifying intracellular PG, especially when low concentrations had to be determined, so the PG NMR experiments were terminated. The DMSO data were modeled as described below.
Permeability Parameters
The objective of the modeling was to determine the permeability parameters of the zebrafish embryo from the optical and NMR data. In the optical experiments, we measured the changing embryo volume (V c ), which depends on the flux of water and solute into or out of the embryo. In the NMR experiments, we measured the (relative) quantity of solute taken up by the embryo as the number of moles of solute (N s ) in the embryo over time. The flux of water into a cell is determined by its water permeability or hydraulic conductivity (L p ). Experimentally, it is often found that L p depends on whether the osmotic driving gradient is produced by a permeating (e.g., DMSO) or nonpermeating (e.g., NaCl) solute. To distinguish between these two cases, we referred to the water permeability in the presence of a permeating solute as . The flux of solute into the cell is s L p determined by the solute permeability (P s ). The task was to relate the permeability parameters and P s to V c and
The embryo volume (V c ) is the sum of the water (V w ), solute (V s ), and solids (V solids ) volumes:
where v b is the fractional volume of the osmotically inactive cell contents, is the solute partial molar volume, and V s V co is the isotonic volume of the cell. Thus the problem was reduced to one of finding the water volume (V w ) and the solute content (N s ) of the embryo. These two quantities were given by a pair of coupled, differential equations that must be numerically integrated along with subsidiary defining equations. These equations are outlined below.
The water flux into a cell is given by:
where A is the cell surface area, R and T the gas constant and absolute temperature, respectively, and M i and M e are the intracellular and extracellular medium osmolality. The solute flux is given by: 
The external medium osmolality (M e ) was set by the experimental conditions: (6) where the subscripts n, o, and w refer to nonpermeating solute, initial (t ϭ 0) conditions, and water, respectively.
The cell volume (V c ) and intracellular solute (N s ) were modeled by simultaneously integrating equations 2 and 3 or equations 2 and 4. In the NMR experiments, only the relative solute concentration (N rel ) was measured; thus in equation 3, a scaling factor (S f ) must be introduced so that N s ϭ S f ϫ N rel . Integration was done using the Stiff Episode integrator in the program Scientist (MicroMath, Salt Lake City, UT). The permeability parameters, and P s (and S f s L p in the NMR experiment) were obtained by iteratively varying them until a good fit was obtained between the model calculations and the experimental observables, specifically V c , N rel , or V c and N rel . Least-squares fitting was performed using the Powell variant of the Levenberg-Marquardt method as implemented in the program Scientist. In some cases, a wide range of P s values gave a satisfactory fit to the experimental data. In these cases, P s was manually varied to find the acceptable range of values as judged by visual evaluation of the fits. A number of fixed parameters appear Table  1 . Some justifications for the fixed parameter values appear in the next section.
Typical initial volumes of 100% epiboly embryos (or slightly larger) in the optical experiments were observed to scatter approximately at 0.20 mm 3 . Therefore, all initial volumes were normalized to this value. Further, all data for a given experimental series were averaged before fitting to reduce noise and reduce the computational burden. In the NMR experiments, the data were first (arbitrarily) normalized, then averaged.
Modeling the Zebrafish Embryo
Two different structural models were used in fitting the data. The simpler was a one-compartment model assuming a spherical embryo of initial volume 0.20 mm 3 with a fixed area of 1.65 mm 2 and an osmotically inactive fraction (v b ) of 0.36 (see below). A two-compartment model was also utilized in which the yolk and blastoderm were considered as separate, distinct compartments, of volume and water content appropriate to the 100% epiboly stage. For two compartments, the permeability equations must essentially be solved in duplicate. The fixed and variable parameters of this model are listed in Tables 1 and 2 .
Some justification is required for our choice of fixed parameters in the two-compartment model (Table 1) . Prior NMR studies [16] show that the yolk and blastoderm were responding differently to cryoprotectants, and this formed the basis for our decision to divide the embryo into a yolk and blastoderm compartment. The volumes and areas of the two compartments were determined from the morphometric data in previous papers [5, 17] . The most difficult parameter to determine was the osmotically inactive fraction of the yolk (v by ) and of the blastoderm (v bb ). For the blastoderm, we used our estimate of v bb ϭ 0.2 from Hagedorn et al. [17] . However, depending on the method of measurement, we obtained v by 's for the yolk ranging from 0.41 to 0.78 [17] . To help chose an appropriate value, we turned to the PG optical shrink data. In some experiments with exposure times up to 225 min in 2 M PG, the embryos were observed to shrink in a linear fashion by 40-50% (data not shown). This large shrinkage requires a large percentage of water (or a small percentage of inactive volume) in the zebrafish embryo. For this reason, we used the lowest yolk value, v by ϭ 0.41, suggested by our earlier experiments. Combining the compartment volumes and v b data yields an overall osmotically inactive volume (v b ) for the embryo of 0.36 (see Table 1 ).
In either case, it must be understood that the permeability parameters determined are phenomenological parameters characterizing the average response of a very complex structure, and caution should be used in attributing them to any specific membrane. Because of the complexity of this system and the required approximations, none of the determined permeability parameters are considered to be accurate to better than a factor of two.
EM Analysis
We examined the type of cryodamage evident at the level of the electron microscope in various compartments of the zebrafish embryo after vitrification. We chose vitrification as a method because zebrafish embryos are chillsensitive [4, 5] , and the rapid rate of cooling used to vitrify may ultimately increase embryo survival. Embryos at 100% epiboly were immersed into 2 M PG for 2.5 h, then 6 M PG for 2-4 min, drawn into 0.25-ml straws, cooled in liquid nitrogen vapor for 3 min, then plunged into liquid nitrogen for 1-2 min. To thaw, straws were held horizontally at room temperature (22-23ЊC) for 10 sec, then plunged into room temperature water until thawed (approximately 30 sec). Afterwards, the embryos were diluted by steps into 3 M, 2 M, then 1 M PG for 20 min each. Control embryos were exposed to all chemicals but were not subjected to freezing. To prepare for EM, both experimental and control embryos (n ϭ 3 each) were placed in a fixative (2.5% glutaraldehyde, 1% paraformaldehyde in cacodylate buffer) 10 min after thawing for 2-3 h at 22ЊC, and then for 1-3 h at 4ЊC. Embryos were stored for 24 h in cacodylate buffer at 4ЊC, fixed in 1% osmium tetroxide in cacodylate buffer for 1 h, en bloc stained with 2% uranyl acetate for 1 h, then dehydrated in a series of alcohols (70, 70, 80, 90 and 100, 100, 100% ethyl alcohol) for 5-6 min each, followed by propylene oxide (1:1, 1:2, and 1:3 for 5-6 min each) and 100% propylene oxide for 40 min. Embryos were infiltrated with Spurr's plastic resin (for 18 h), embedded in fresh plastic, and placed in a 70ЊC oven for polymerization. Sections were cut at 600-800 Å and mounted onto copper grids that were stained for 1.5 min in lead citrate, and then examined using a Zeiss EM10 CA transmission electron microscope.
To evaluate whether the cellular morphology of the frozen and nonfrozen embryos was similar, thin sections were made at three positions (i.e., through the center of the embryo and 200 m to each side, see Fig. 1B ). Then, on each thin section, three areas including the blastoderm and YSL were randomly chosen and scored for intact cells, nuclear membranes, the presence and normal appearance of various organelles (e.g., mitochondria, Golgi bodies, endoplasmic reticulum, etc.), and the presence of yolk droplets (Fig. 1C) . In the yolk, the presence of intact membranes and smooth yolk material was assessed. Each intact class of organelle or membrane was given one point for its presence in the tissue. A maximum of 10 points was possible in the blastoderm and the YSL, and two points in the yolk. Mean scores from the yolk, YSL, and blastoderm of each treatment were analyzed with a two-tailed t-test and then graphed. Representative areas of the specimens were photographed and printed.
RESULTS
Biophysical Data: Volumetric and NMR
When zebrafish embryos were exposed for long periods of time (i.e., 60 min) to 2 M DMSO or PG, their light microscopic volumes exhibited an approximately linear decrease over time without any re-expansion (Fig. 3) . The steady volume decrease observed over the long duration of the experiments suggested that the embryo experienced mostly dehydration with little to no solute permeation. At some point during the dehydrating events, the embryonic structure began to lose integrity. For example, after embryos were immersed in 2 M DMSO for 90-120 min, the blastoderm began to shed cells, and a rupture of the yolk in that area followed shortly thereafter.
NMR spectroscopy allows the solute uptake to be measured directly. When embryos were perfused with a 2 M DMSO solution, DMSO uptake was rapid during the first few minutes, then gradual thereafter (Fig. 4) . The response time of the DMSO perfusion system was determined by measuring the NMR signal rise-time in the buffer slice (positioned above the embryos, data not shown). The rise-time of the DMSO signal from 10% to 90% was 2.3 min. This imposed a lower limit on the attainable time resolution of the embryo response to DMSO exposure. The NMR data suggested some embryo permeability to DMSO, whereas the light microscopic data suggested little embryo permeability to DMSO. At first glance, this presented a somewhat contradictory picture of the permeability within the embryo. In order to estimate the permeability parameters, we analyzed these data with a one-and twocompartment model.
One-Compartment Model
The NMR and optical data were first analyzed with a one-compartment model (Tables 1 and 2 ) to determine whether this would yield a useful phenomenological model of the embryo. The optical volumetric data gave a water permeability ( ) for 2 M DMSO of 0.007 m ϫ s L p min Ϫ1 atm Ϫ1 and an upper limit to the solute permeability (P s ) of 4 ϫ 10 Ϫ5 cm/min ( Fig. 5A ; Table 3 ). In contrast, the NMR DMSO-uptake data gave a water permeability ( ) of 0.03 m ϫ min Ϫ1 atm Ϫ1 and a P s of 0.003 cm/min s L p (Fig. 5B) . Although good fits were obtained in each case (Fig. 5) , the optical and NMR permeability parameters did not agree. Comparing the resultant permeability values (Table 3) reveals a 4-fold difference in L p values and at least a 75-fold difference in P s values between the optical and NMR one-compartment fits. Another way to illustrate this discrepancy was to simultaneously fit the optical and NMR data with a single set of parameters (Fig. 5C ). This resulted in an intermediate pair of permeability parameters that yielded a poor fit to both the optical and NMR data. Analysis of the optical volumetric data for embryos immersed in 2 M PG (data from Fig. 3 ) yielded similar water and solute permeabilities similar to those of DMSO (fit not shown; Table 3 ).
Two-Compartment Model
The optical and NMR data were also analyzed using a two-compartment model, the blastoderm being one compartment, and the yolk, the second. By fitting these data simultaneously, sufficient constraints were obtained to fit values for of the yolk and blastoderm and P s of the s L p blastoderm, and to find an upper limit for P s for the yolk. In the presence of 2 M DMSO, the yolk and blastoderm had very similar water permeabilities (i.e., 0.01 and 0.005 m ϫ min Ϫ1 atm Ϫ1 , respectively) but different solute permeabilities separated by three orders of magnitude (i.e., Յ 5 ϫ 10 Ϫ6 and 1.5 ϫ 10 Ϫ3 cm/min, respectively; Fig. 6 , Table 3 ). Empirically, it was found that the permeability parameters for the yolk were largely fixed by the volumetric data, whereas those for the blastoderm were fixed by the solute uptake data.
Although NMR PG-uptake data could not be obtained, it was still possible to do a two-compartment analysis of the volumetric PG data. As noted above, the volumetric data primarily reflect the response of the yolk. Thus, the yolk permeability parameters are only weakly constrained by the NMR solute uptake data. We made the assumption that the blastoderm water and solute permeabilities in the presence of PG are less than or equal to twice those found for DMSO. With these assumptions, a two-compartment fit to the volumetric PG data for the yolk compartment yielded slightly smaller water and solute permeabilities for PG than for DMSO (Table 3) .
Cryodamage
If there is a permeability barrier in the yolk compartment, how might cryopreservation effect the blastoderm, YSL, and yolk? To test this, the embryos were subjected to a vitrification procedure. During freezing, the external solution (6 M PG) surrounding the embryos remained clear, suggesting that the external solution vitrified. All of the frozen embryos (n ϭ 26) died after thawing, whereas 32% of the solution-control embryos (which passed through all solutions, but were not frozen; n ϭ 25) survived and continued to develop. The normal laminar structure of the zebrafish embryo is shown in Figure 7 . Control and frozen TC # 369 
Ϫ1
, P s ϭ 3 ϫ 10 Ϫ4 cm/min, and a very poor fit. Note that the scaling of the NMR data is arbitrary and different from that in Figure 5B . Ϫ6 cm/min, and P sb ϭ 0.0015 cm/min). The data only constrain P sy to P sy Յ 5 ϫ 10 Ϫ6 cm/min. embryos were examined and scored at the ultrastructural level to identify areas of the embryo that were damaged. Control embryos showed little or no damage to the blastoderm, yolk, or YSL as a result of the chemical treatment (i.e., cell structures were intact and showed normal morphology; p Ն 0.05; Fig. 8 ). In contrast, experimental embryos exhibited altered morphology only in the YSL (p Յ 0.05). Specifically, after freezing, many of the organelles in the YSL were destroyed, and the cellular membrane was destroyed (usually in the area of blastopore closure); some YSL nuclei were present, but the chromatin was congested, and the nuclear membrane was not always intact (Fig. 9) . Morphologically, the yolk was not affected by freezing, as the yolk membranes were intact and the yolk contents appeared to be normal. We concluded that cryodamage within the yolk may be tolerated. However, damage to the YSL (the only other major organizing structure related to the yolk) may destroy the integrity of the yolk/YSL compartment, thus leading to the lethal effects observed after thawing.
DISCUSSION
Using a one-compartment model (Fig. 5) , we found that no single set of parameters simultaneously fit the optical and NMR data. However, a two-compartment model provided a better fit to the data (Fig. 6 ). In the presence of DMSO, the yolk and blastoderm compartments had similar water permeabilities but substantially different solute permeabilities. The yolk compartment was essentially impermeable to DMSO (P s Յ 5 ϫ 10 Ϫ6 cm/min), whereas the blastoderm compartment had a ''typical'' membrane solute permeability (P s ϭ 1.5 ϫ 10 Ϫ3 cm/min). This readily explains the different behavior seen in the DMSO uptake and volumetric experiments. In the volumetric experiments, when the blastoderm cells were exposed to 2 M DMSO, they experienced a rapid shrink/swell response. This is not TC # 369 evident in the data, because the shrink/swell response was most likely small and occurred quickly (i.e., between the first and second experimental data points). Since the yolk compartment is essentially impermeable to DMSO, it showed a slow, steady loss of water to the hyperosmotic DMSO environment, yielding a steady decrease in volume, which dominated the volumetric data. In the NMR uptake experiments, primarily the blastoderm was permeable to the DMSO, and the data reflect this response. Initially there was a rapid influx of DMSO due to the large solute gra-TC # 369 dient; however, as equilibrium was approached, the influx of DMSO slowed. Figure 10 shows the individual responses of the two-compartment model and how they combine to yield the observed DMSO uptake and volumetric response. Of course, one-compartment models are used routinely to characterize single cells. Even in multicellular systems, a one-compartment model may yield useful phenomenological information (e.g., in mouse embryos [19] , pancreas [20] , and Drosophila [21] ). A two-or multicompartmental model is only useful if there are sufficient experimental data to characterize the two compartments, and if the responses of the two compartments are so different that a single set of phenomenological parameters do not adequately characterize the system. This is the case with the zebrafish data presented here. The volumetric and DMSO uptake experiments provide a comprehensive data set, and the two putative compartments of the zebrafish embryo (i.e., blastoderm and yolk/YSL) differ by three or more orders of magnitude in their cryoprotectant (DMSO) permeability, 1.5 ϫ 10 Ϫ3 and Յ 5 ϫ 10 Ϫ6 cm/min, respectively. In comparison, mouse oocytes in DMSO or PG have P s ϭ 0.96 to 1.4 ϫ 10 Ϫ3 cm/min [22] , and goat oocytes in PG have P s ϭ 0. 87 FIG. 10 . Two-compartment model simulations showing the response of a zebrafish embryo exposed to 2 M DMSO at room temperature. This illustrates how the response of the each compartment contributes to yield the experimentally observed response of the entire zebrafish embryo. The simulations were generated using the two-compartment parameters shown in Tables 1 and 2 and their permeability values in Table 3 . A) The two different dashed lines indicate the changing volume of the blastoderm and yolk compartments. Combining these yields the volume of the entire embryo (solid line). This simulation is directly comparable with the optically determined volume versus time data shown in Figure 3 . B) The two different dashed lines indicate the changing DMSO solute in the blastoderm and yolk compartments. Combining these yields the total DMSO uptake by the embryo (solid line), which is directly comparable with the NMR DMSO uptake data shown in Figure 4 . to 1.2 ϫ 10 Ϫ3 cm/min [23] . Because the yolk is completely surrounded by the blastoderm at 100% epiboly, it might be argued that the low apparent solute permeability of the yolk compartment simply results from the surrounding layer of blastoderm cells, which block ready access of the extracellular medium to the yolk. However, if this were the case, we would expect the yolk compartment to have a very low water permeability as well. This suggests that the blastoderm does not create the solute permeability barrier around the yolk compartment, but the YSL does.
There is a major difference in the predictions that the one-and two-compartment models make regarding cryopreservation protocols. We modeled the time required for DMSO to reach two thirds of its final concentration (approximately 2 M) within the embryo and yolk for the oneand two-compartment models, respectively, using the upper limits of the solute permeability given in Table 3 . The onecompartment model predicted a minimum time of 2.2 h for the embryo to reach the projected DMSO concentration. This is a reasonable treatment time given the constraints of the rapidly developing embryo. However, the two-compartment model predicted a minimum of 9 h for the yolk to reach the projected concentration. This is an unreasonable treatment time, because of toxicity and the large change in development that the embryo would experience by the end of the test period. Clearly, the predictions of the two-compartment model will impose some important constraints on future cryopreservation protocols.
Previously, we measured the water permeability of the zebrafish embryo in the absence of cryoprotectants using optical volumetric methods and a one-compartment model [17] . The value of L p we obtained at the 100% epiboly stage was 0.05 m ϫ min Ϫ1 atm Ϫ1 , and may be compared with our one-compartment analyses of the DMSO and PG optical volumetric data (Table 3) . This revealed that L p dropped by an order of magnitude in the presence of either DMSO or PG and is consistent with a growing body of evidence suggesting that L p is modified in the presence of permeating cryoprotectants for a variety of membrane types [5, 24, 25] . Clearly, for most cryobiological purposes, it is important to measure membrane water permeability in the presence of proposed cryoprotective solutes. Other investigators have also measured the water permeability of fish embryos in the presence of cryoprotectants. Zhang and Rawson [15] report zebrafish L p s of 0.10 and 0.17 m ϫ min Ϫ1 atm Ϫ1 in the presence of PG and methanol, respectively. Their permeabilities are more than an order of magnitude larger than our similarly obtained, optical volumetric results. Some of this may be due to a difference in modeling parameters or in the osmolality of the buffer used to make the solutions. Nevertheless, in the presence of solutes, their L p s appear to be substantially larger than those obtained here.
Previously, we identified the YSL, and not the yolk itself, as the barrier to the movement of cryoprotectant into the yolk [16] . In this study, we have characterized a permeability barrier in the yolk compartment of the zebrafish embryo, but what are the consequences of this barrier to cryopreservation? At the ultrastructural level, the most obvious consequence of our vitrification protocol was a destruction of the YSL surrounding the yolk. This is not to suggest that other, more subtle changes did not occur in the blastoderm and the yolk after the tissue was frozen and thawed. For example, the mere presence of ultrastructural elements within a tissue does not mean they are present in sufficient quantity for normal cell function. A study of serial sections quantifying the number of ultrastructural elements per area of tissue may have shown a clear difference in the blastoderm tissue of the controls and frozen embryos. Additionally, the high concentration of cryoprotectants used in vitrification (approximately 6 M or greater) could have caused a disruption of cytoskeletal elements. Using fluorescent antibodies, Hotamisligil et al. [26] observed a disruption in the actin filaments of the mouse embryo after exposure to 4 M ethylene glycol for more than 10 min. Hypothetically, if little or no cryoprotectant reached the yolk because of the impermeable YSL, ice-crystals may have formed, leading to some type of damage in both the yolk and YSL regions. However, these more subtle issues are moot, because the test vitrification protocol caused the complete destruction of the YSL.
Our ultrastructural experiments suggested that cryodamage led to the death of the embryos, in part because of insufficient cryoprotectant entering the yolk/YSL region. Isotope-uptake experiments have quantified how little cryoprotectant enters the blastoderm, and the yolk in particular. Harvey et al. [10] measured a DMSO concentration in the whole, dechorionated zebrafish embryo of 100 mM after 60 min in 1 M DMSO. After incubating carp embryos in 1.5 M isotope-labeled DMSO for 2 h, Magnus et al. [27] extracted yolk fractions with a micropipette and found approximately 100 mM DMSO. All of these values are well in line with the predictions that the two-compartment model made about the permeability of the zebrafish yolk compartment to DMSO after 2 h (approximately 150 mM) and lends support for the two-compartment model when considering the yolk specifically. Now that we have characterized and quantified the permeability parameters in the zebrafish embryo, we must examine how we can overcome this permeability barrier to successfully cryopreserve fish embryos. The YSL is a common morphological feature in all teleost fish and will be an important consideration for cryopreservation in most threatened species and for important cultured species, such as catfish, salmonids, tilapia, sturgeon, and striped bass. It is clear that exposure alone may not allow enough cryopro-TC # 369 tectant to enter the yolk for successful cryopreservation. A means for getting cryoprotectant into and past the YSL barrier is required. The vast arsenal of molecular biological methods created for transfecting cells, such as the introduction of pores in the YSL through chemical (e.g., antibiotics) or physical (e.g., electroporation) means, may help overcome this permeability barrier, thus opening the door for successful cryopreservation protocols for fish embryos.
